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Abstract
Collaborative virtual environments(CVEs) are
a very popularform of entertainment.Thehigh
cost of developing CVEs haslimited their use
in smallscaleor experimentaldomains.The3D
graphics,network communications,and audio
featuresof CVEsposesigni�cant challengesfor
developers.Thispaperdescribesveryhigh-level
languagesupportfor 3D graphicsthat facilitate
rapid development of experimentalCVEs.
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1 Intr oduction

Gamessuchas EverQuestusecomputerswith
3D graphicscardsand internetconnectionsto
createvirtual environmentsin which usersma-
nipulatecomplex virtual objects.Collaborative
virtual environment(CVE) technologyhasenor-
mouspotential,but thecostof developmentlim-
its the rateof experimentationandrestrictsthe
pool of developersto largerorganizations.Very
high-level languagesupportfor graphics,audio,
andnetworking abstractionscanreducethecost
of developing CVEs and make them econom-
ical for new applicationdomains. APIs such
asOpenGL[7] enableconstructionof portable
3D applications,but theseAPIs arevery large

andcomplex. Sun'sJava3Dwebsiteclaimsthat
API enablesordinaryprogrammersto write 3D
graphics,but thesizeandcomplexity of theAPI
(150+classes)beliesthatassertion.

This paper describesgeneralpurposepro-
gramming languagefeaturesthat support the
rapid developmentof CVEs. The featuresare
implementedin a very high-level applications
languagecalledUnicon[5], a successorto Icon
[4]. Languageextensionwasusedto explorethe
combinationof CVE featuresin optimizingcon-
trol structuresandsystemsupport,andto allow
thenotationfor CVE objectsto beconcise,com-
parableto arraysor strings.

Thispaperfocusesonlanguagefeatures.Uni-
conCVEsalsouseclasslibrariesthatmodelthe
virtual environmentin anextensible,very high-
level language;aCVE client/serverarchitecture;
toolsfor building virtual worlds;andareference
implementationCVE; seeSection3.

Features that provide access to general-
purposecapabilitiesthatareubiquitousonmod-
ern hardware and software platforms deserve
languagelevel supportin theform of types,con-
trol structures,operators;aswell asintegration
and optimization within virtual machinesand
runtimesystems.The languagefeaturesadded
to Uniconto supportCVEsare3Dgraphics,net-
working,andaudio.They canbeusedvaryingly
in many differentdomainsandCVEs. This pa-
perfocuseson the3D graphicsaspects.
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2 Graphics Support for CVEs

Unicon's3D interfaceextendsasetof veryhigh-
level 2D graphicsfacilities [3]. Built using
OpenGL,Unicon's 3D interface runs on mul-
tiple platformsandprovidesa level of abstrac-
tion suitablefor programmerswith little graph-
icsexpertise.Becausethedesignis nota“wrap-
per” for theOpenGLlibrary, it is not limited by
OpenGL's C-basedparadigms,but is free to in-
tegrate3D asneededthroughoutthevirtual ma-
chineandruntimesystemof thelanguage.

2.1 DesignRationale

Unicon 3D supportsgraphicsprimitives, trans-
formations,lighting, andtextures,emphasizing
easeof learninganduseat a higher level than
OpenGL.The useof image�les as texturesis
simpli�ed, themanipulationof colors,material
propertiesandtexturesis integrated,anda con-
trol structurecalledtransformenvironmentsim-
pli�es matrixstackmaintenance.

OpenGL contains250+ 3D graphics func-
tions;programsalsoperformmany window sys-
temcallsto open/closewindowsandhandleuser
input. Unicon3D reducesOpenGL's API down
to 19 new functionsand6 extensionsto preex-
isting2D graphicsfunctions.Thesimpli�cation
comesfrom a �e xible type system,supportfor
variablenumbersof parametersanddefault pa-
rametervalues,bundling many OpenGL calls
into atomic operations,and omitting seldom-
usedor unnecessaryfeatures.To draw a poly-
gon in OpenGL, the user calls glBegin() ,
followed by calls to glVertex() for each
vertex; the actual polygon is renderedwith a
call to glEnd() . In Unicon 3D, a call to
DrawPolygon() performsthis task.

2.2 PrimitivesandAttributes

Scenesare drawn as setsof primitives in an
(x,y,z) coordinatesystem. The objectsvisible
on-screendependon the eye position and di-
rection. The Unicon 3D primitives are cubes,
points,lines,spheres,torii, cylinders,disks,and
various polygons. Polygon vertices are sup-
plied in various“mesh modes”(simple, trian-
gle fan, quadstrip, etc.). Modestsemanticim-
provementsaremadecomparedwith OpenGL;

for exampledrawing of concave polygonsis not
part of OpenGL.Drawing functionsusea de-
fault window which canbeoverriddenby anan
optional�rst parameter.

Unicon usesattributes, read or set via the
function WAttrib(), to control drawing details
without introducinga largenumberof functions
or struct/class�elds. Attributes are encoded
as strings to simplify the interface; they con-
trol colors,textures,line styles,fonts,andcam-
era featuressuch as eye position. A change
to one of these attributes looks like WAt-
trib(w,”eyepos=0,0,7.2”).Whenaneye attribute
changes,thesceneis redrawn.

2.3 Transform Environments

Matrix multiplicationscomputerotations,trans-
lations,andscalingon objects. Compoundob-
jectsare renderedby applying transformations
hierarchically. OpenGLaddressesmatrix stacks
well andyet Unicon3D allows substantialsim-
pli�cation overOpenGL.PushMatrix()andPop-
Matrix() pairsareextremelycommon,andpro-
grammersoften fail to matchthem,motivating
a new control structurein Unicon 3D called a
transformenvironment. Thesyntax

window : expr
evaluates expr, wrapped in a PushMa-
trix()/PopMatrix() pair. Transform envi-
ronmentsmaynest. If a window is supplied,it
becomesthe default window for the evaluation
of expr. This is analogousto thestringscanning
control structure that originated in the Icon
language.Theexpr in a transformenvironment
is usuallya compoundexpression.ThePopMa-
trix() will beperformedevenif thecodefails or
returnsfrom within expr, avoiding a common
sourceof bugs in 3D programs. Transform
environmentsalsoimprove codereadability.

2.4 Colors,Lights andMaterials

Lighting helps a sceneappearto be 3D, but
addinglighting canbe complicated.Thereare
threetypesof light: ambient,diffuse,andspec-
ular, correspondingto non-directional,direc-
tional, andre�ective properties.Unicon3D at-
tributeslight0..light7control up to eight lights.
Eachlight is on or off andhasdiffuse,ambient,
specular, andpositioncomponents.
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Each object in a scenemay have material
propertiesthat describeits color and appear-
anceundervariouslighting. Thematerialprop-
ertiesare ambient,diffuse, specular, emission,
andshininess.Objectscanemit light of a spe-
ci�c color. Usingcombinationsof thesematerial
propertiesonecangive anobjecttheillusion of
beingmadeof plasticor metal.Materialproper-
ties extend the foregroundcolor attribute used
in drawing. In addition to numericRGB for-
mats,UniconusesIcon's rich colornamingsys-
tem[3]. Naturalcolornamessuchas”deeppur-
plishblue” areanalternative to RGBcolorspec-
i�cations, andUnicon3D providessimilarly in-
tuitive meansof specifyingmaterialsin CVEs.
Materialpropertiesarespeci�ed in stringscon-
tainingupto four semi-colonseparatedproperty
componentsin thefollowing format,plusanop-
tionalnumericshininesscomponent.
2

6
6
4

ambient
diffuse
specular
emission

3

7
7
5

2

6
6
6
6
4

opaque
dull

translucent
subtransparent

transparent

3

7
7
7
7
5

colorname

In orderto get redobjectsa programmercan
call Fg(”red”); amorefull-blown materialprop-
ertiesspeci�cationcanalsobeexpressedconve-
niently, asin thefollowing example.

Fg(”diffusegray;emissionlight vivid green”)

2.5 Textures

Texturesare important in applicationssuchas
CVEs, giving a sceneits “feel”, rangingfrom
cartoonto photorealistic. Texturesare2D im-
agesthat replaceor blendwith materialproper-
tiesof 3D objects.Texturedobjects'appearance
dependson the texture imageandtexture coor-
dinatesthat map partsof the texture imageto
partsof the object. Unicon 3D texture images
canbe anotherUnicon window, an image�le-
namein a formatsuchasJPGor GIF, or astring
encodingof theimagein a literal formatsuchas
“width,palette,data”.A rich setof generictex-
turescanbespeci�edby a texturenameconsist-
ing of theform

materialpropertytexture
wherematerial property is asdescribedabove,
andtexture is oneof the following 22 textures:
stone,brick, sand,glass,cloth,wood,dirt, mar-
ble, concrete,tile, leaf, grass,carpet,skin, hair,

metal,water, clouds,grill, iron, plastic,leather.
CVE objectscan be drawn using generictex-
turessuchas"wood" or moreinterestingtex-
ture namessuchas"dark green brick" .
This aidsprototypes,prior to obtainingandre-
�ning moreprecisetextureimages.

UsinganotherUniconwindow asatextureal-
lows the programto createa texture imagedy-
namically. Thisenablesvirtual whiteboardsand
computerscreenscontainingtexturesthatshow
the dynamiccontentof other textual or 2D or
3D graphicapplications.Texturesmusthave a
heightof 2n andwidth of 2m pixelswheren and
m areintegers.If not,Unicon3D scalesthetex-
ture down to the closestpower of 2. Rescaling
slows theapplicationandmaycausevisualarti-
facts,so it is wise to make textureswith appro-
priatesizesin the�rst place.

2.6 Animation

Animation is performancesensitive; Unicon is
slower than systemsprogramminglanguages,
but neverthelesssupportsthe 3D animations
neededby CVEs. Unicon's VM falls some-
wherebetweenJava andscriptinglanguagesin
performance,but VM speedis not a problem
whenperformanceis limited mainlyby OpenGL
renderingspeed.The languageruntimesystem
serves as the “game engine” and runs at the
speedof its C code,andthe CVE semanticsis
runningat thespeedof theVM.

Animationsredraw theentiresceneeachtime
any object moves or the user changespoint
of view. Ratherthan calling EraseArea()fol-
lowed by the appropriategraphicsprimitives,
Uniconprogramsusuallyallow theruntimesys-
tem do the redrawing. Unicon maintainsan
applicationlevel display list of graphicsoper-
ationsto executewhenever the screenmustbe
redrawn; the list containseverything sincethe
last EraseArea().The elementsof the list are
Unicon recordsand lists containingthe string
namesand parametersof graphicsprimitives.
For example, a call to DrawSphere(w,x,y,z,r)
returns(and addsto the display list) a record
gl sphere(“DrawSphere”,x, y, z, r).

Insteadof redrawing thesceneto moveanob-
ject, Unicon programsmodify the object's dis-
play list record(s)andcall Refresh(). The fol-
lowing code fragmentillustratesanimationby
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slidingaball upanddown. In orderto “bounce”
theprogramwouldneedto incorporatephysics.

sphere := DrawSphere(w,x, y,z ,r )
increment := 0.2
every i := 1 to 100 do

every j := 1 to 100 do {
sphere.y +:= increment
Refresh(w)
}

It is easy to modify objects' attributes be-
tween frameswith high frame rates. Perfor-
manceresultsareencouraging;in practiceRe-
fresh()is seldomcalledsincechangingthecam-
erapositionvia Eye() performsan implicit re-
fresh. The displaylist (modi�ed implicitly via
variablesphere above) is also usedto insert
or remove complex objectsin a scene,without
rerenderingthem; it is easyto manipulatebe-
causeit is anordinaryUniconlist. CVEsmain-
tain subsetsof thedisplaylist correspondingto
rooms,tables,etc. The transformenvironment
controlstructureproducesthesublistof display
list objectsrenderedduringits evaluation.

In implementinganimationswith Unicon3D,
we observed that on the samehardware, with
vendordrivers, OpenGL scaledto large num-
bersof objectsmuchbetterunderoneoperating
systemthanunderanother. Also, most3D ap-
plications' useof graphicsprimitives is highly
repetitive. A typical CVE display list of 1000
elementsis reducedby 50%with theadditionof
apeepholeoptimizerto thedisplaylist.

2.7 3D Example

This exampleillustratesmany 3D graphicsfea-
turesdescribedabove. Becausethis is program
sourcecodeandnotadata�le, programmability
and�e xibility areretainedfor CVEs.

Texturescanbecapturedusinga digital cam-
era;directuseof image�les makesaddingtex-
tureseasy. Editing is usuallyneededto adjust
theimageresolutionor improve its quality.

procedure main()
&window := open("casa", "gl",

"bg=black","size=700,700")
Texture("carpet.jpg") # floor
FillPolygon(-7,-0.9,-14,-7,-7,

-14,7,-7,-14,7,-0.9,

Figure1: A texture-mappedsceneof a room.

-14,3.5, 0.8,-14)
Texture("wall1.jpg", # r. wall

0,1,0,0,1,0,1,1)
FillPolygon(2,4,-8, 8.3,8,-16,

8.3,-1.2,-16,2,0.4,-8)
Texture("wall2.jpg") # l. wall
FillPolygon(2,4,-8,-9,8,-16,-9,

-1.2,-16,2,0.4,-8)
Texture("poster.jpg") # picture
FillPolygon(1,1.2,-3,1,0.7,

-3,1.2,0.5,-2.6,1.2,1,-2.6)
Texture("unicorn.jpg", # pic. 2

1,0,0,0,0,1,1,1)
FillPolygon(0.8,2,-9,-3,

1.6,-9,-3,3.9,-9,0.8,4,-9)

# Draw lamp in transform environ
:{ Translate(0.7,0.20,-0.5)

Fg("emission pale yellow")
# nested environments
:{ Rotate(-5,1,0,0,5,0,0,1)

DrawCylinder(-0.05,.57,-2,
.15,.05,.17)}

Fg("diffuse grey")
:{ Rotate(-5,1,0,0,6,0,0,1)

DrawCylinder(0,0,-2.5,.7,
.035,.035)}

:{ Rotate(6, 0, 0, 1)
DrawTorus(-.02,-.22,-2.5,

.03,.05)}
}

Texture("t2.jpg","auto") # table
:{ Rotate(-10, 1, 0, 0)

DrawCylinder(0,.2,-2,
.1,.3,.3) }

:{ Translate(0,-.09,-1.8)
Rotate(65, 1, 0, 0)
DrawDisk(0,0,0,0,.29)}
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Fg("diffuse weak brown")
:{ Rotate(-20, 1, 0,0)

DrawCylinder(0,.2,-2.2,
.3,.1,.1)}

while Event() ˜== "q"
end

3 An ExampleCVE

Unicon has beenusedto implementa simple
CVE calledNSH (New ScienceHall) that sup-
ports distanceeducationcourses,and also en-
ablesvirtual meetingsand labs with local stu-
dents.ThecoreCVE clientwaswritten in about
5K lines of code, demonstratingthe potential
of theselanguagefacilities for CVE construc-
tion. Subsequentdevelopmentof acollaborative
IDE andotherfeaturesaddedmorelinesof code
thandid the coreCVE facilities. NSH avatars
are simple, customizablecommunicationtools
(Figure2). Avatarscanpoint, have an identify-
ing label, andvisibly indicatewhenchattingis
performed.Usersprovide a GIF or JPGimage
to presenttheir face inside a rectangleor tex-
turemappedwithin anegg-shapedhead.

Figure2: Avatars

NSH'sgraphicalenvironmentis cartoon-like,
ratherthan photorealisticas for CVEs suchas
LeDeuxiemeMonde. Studentswill nothaveeye
contact,but may have less fear of embarrass-
mentwhile askingquestions.Figure3 shows an
examplescenefrom thisenvironment.

NMSU's electronicclassroomfeaturescus-
tom local softwarethat feedsthe virtual white-
board content up in Adobe SVG (an XML)
format via HTTP, where it is available to the

Figure3: Virtual Academia with Integrated
Whiteboards,ChatandVoice

CVE along with other SVG plugin-equipped
browsers.A collaborative developmentenviron-
ment prototypewas also developed,shown in
Figure5. Usersedit text, watcheachother, and
chat.Collaborative views of otherareasof soft-
ware developmentare underconstruction. In-
structorscanwalk aroundavirtual lab,talk with
students,andlook at their virtual screens,zoom
in to thecollaborative environmentwhenques-
tionsrequireon-screendetails.

Figure4: A collaborative IDE

4 RelatedWork

OpenInventor [9] is a C++ API built atop
OpenGLat a high semanticlevel; unfortunately
it is large and complex, and is not as ubiqui-
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tousasOpenGL.InvenTcl [1] andiVRS [6] are
Tcl bindingsfor OpenInventorandVRS thatal-
low prototyping3D applications.InvenTcl and
iVRS wrap a C++ 3D toolkit for anotherlan-
guage,insteadof aiming for higher level fea-
turesor API simpli�cation.

VRML and X3D are scenedescriptionlan-
guagesbasedon OpenInventor's object model
that are more widely supportedthan OpenIn-
ventor. They run inside a web browser, offer-
ing limited capabilitiesfor dynamiccontent,but
despitethis have beenextendedin production
CVEssuchasCybertown (cybertown.com)and
systemsdevelopedat the U.S. Navy's MOVES
Institutewww.movesinstitute.org

Java's 3D API is a little easierthanOpenGL,
but learningto write Java 3D programsis dif-
�cult [8]; Java 3D introducesa hiararchyof
around150classes.VPython(vpython.org) pro-
vides3Dsupportthatis nota“wrapper”layeron
top of a lower-level API; it bundlesan IDE for
3D programdevelopment,alongwith a fastvec-
tor library, but is not aimedat CVEs sinceit is
not integratedwith networking or audio.

The DIVE framework allows rapid CVE de-
velopment[2]. Rather than extending a VM
andruntimesystemwith CVE-orientedfeatures
as in this paper, DIVE' s CVE engine is ex-
tendedusing the Tcl scripting language. This
is a closer-to-mainstreamapproachto rapidde-
velopmentof customCVEs,but Tcl is famously
slow, discouragingtheuseof extensive dynamic
behaviors by largenumbersof objects.

5 Conclusionsand Futur eWork

Uniconrequiresprogrammersto learnonly ba-
sic CVE conceptsand a few 3D functions to
write CVE client code. This is importantwhen
technicalstaff consistsa small numberof aver-
ageprogrammersdevoting fractional time to a
project,insteadof the armyof professionalde-
velopersthat might build a CVE for industry.
Unicon is often usedfor rapid prototyping,but
the facilities scalewell to productionapplica-
tionsexceptwhereCPUperformanceis critical.

The facilities describedin this paperreduce
theamountof codeto implementsimpleCVEs,
while retaining the �e xibility of a very high-
level language.Thefeaturesdevelopedwill also

beusefulin experimentalvisualizationorgroup-
wareapplications.Futurework at the language
level will include additionalperformancetun-
ing, supportfor new 3D platforms,anddevelop-
mentof protocol and control structuresupport
for network �uctuationsandfaults.

6 Acknowledgments

The NSH CVE is beingdevelopedby W. Win-
kler, N. Clayton,A. Dabholkar, K. Tachtevreni-
dis, Y. Kim, andR. Ramagiriandothers. This
work wassponsoredin partby theAlliance for
Minority Participation,andby NSFgrantsEIA-
0220590,EIA-9810732andDUE-0402572.

References

[1] S. Fels and K. Mase. InvenTcl: a fast
prototyping environment for 3d graphics
andmultimediaapplications. In Advanced
MultimediaContentProcessing, pages161–
176,1998.

[2] E. Frecon. DIVE: A ProgrammingArchi-
tecturefor thePrototypingof IIS. In Inhab-
ited InformationSpaces. Springer, 2004.

[3] R. Griswold, C. Jeffery, andG. Townsend.
Graphics Programming in Icon. Peer to
PeerCommunications,SanJoseCA, 1998.

[4] R. E. Griswold and M. T. Griswold. The
Icon ProgrammingLanguage. Peerto Peer
Communications,SanJose,1996.

[5] C. Jeffery, S. Mohamed, R. Pereda,and
R. Parlett. Programmingwith Unicon. Uni-
conProject,unicon.org, 2005.

[6] O. KerstingandJ. Dollner. Interactive 3d
graphicsfor Tcl. In 2002FREENIX, pages
1–12.USENIX, June2002.

[7] J. Neider, T. Davis, andM. Woo. OpenGL
Programming Guide. Addison-Wesley,
Reading,Mass.,1993.

[8] D. F. Savarese.Learningto Fly. JAVAPro,
June2003.

[9] J. Wernecke. The Inventor Mentor.
Addison-Wesley, Reading,Mass,1994.

6


